Introduction
Although aluminum (Al) is ubiquitous in the environment, it has low solubility in a neutral condition. However, it has been known that soluble Al increases under an acidic condition. The soluble Al enters soil solutions, underground water and fresh water, which results in polymerization or complex with organic and inorganic ligands. Thus, the speciation of Al is very complicated. In recent years, people have focused their attention on studies of the speciation of Al concerning its biotoxicity and effect on the environment. [1] [2] [3] [4] [5] [6] In the past, monomeric Al has been widely studied. 7, 8 The previous research showed that the monomeric Al complex ions acted intensively to polymerize and generate many kinds of polymers, which are highly toxic to plants. 9, 10 It is of interest and importance to develop an effective analytical method for the determination of polymeric Al species.
Whether polymeric Al exists in natural water and soil solutions is still being debated. Al13 has been detected in forest soil solutions by 27 Al-NMR. Boudot 11 et al. have detected polymeric or colloidal Al in river water and acid soil solutions being in equilibrium with mineral phases. Of all kinds of species of Al, hydrated Al 3+ are only a minority, while monomeric Al majority in natural water samples that have kept balance with minerals (such as gibbsite) according to a chemical equilibrium calculation. The formation of polymeric Al [AlO4Al12(OH)24(H2O)12] 7+ (Al13) has its theoretical base in the pH range 5 to 6 from both viewpoints of thermodynamics and kinetics. [12] [13] [14] Gérard 15 et al. have used computer simulations to calculate the content of Al13 in soil solutions and river water samples in the middle and east of France. They considered that the content of Al13 was overestimated because many of ligands were ignored in past investigations, and the effect of temperature on the constants of thermodynamics was neglected. As long as the concentration of total Al is on the order of 10 -4 mol L -1 in natural samples, the concentration of Al13 should be negligible in natural soil and surface water samples, so that the toxicity of Al13 to plants and aquatic organisms under natural conditions may be considered to be very low. The procedure for determining the species of polymeric Al directly in soil solutions and natural water samples is the key to solving such arguments.
In light of the present supposition, there are dozens of polymeric Al forms that exist in natural water. 1 However, some investigations have indicated that the polymeric Al species obtained from an 27 Al-NMR analysis are in good accordance with the results obtained from Ferron timed-photometry. All the polymeric Al species exist in cationic forms, [16] [17] [18] [19] [20] [21] and most of them are considered to be Al13. Therefore, an Al13 standard can be used to stand for the total polymeric Al fraction under most conditions.
The main analytical methods used for polymeric Al species are Ferron timed-photometry 12,13 and 27 Al-NMR. 14 The former analytical method (Ferron timed-photometry) is based on the definition that the species of Al interacting with Ferron from 1 min to 120 min is polymric Al (Alb), which is an operationally In the present work, a new method was established by applying solid-phase extraction (SPE) to preconcentrate and separate polymeric aluminum (Al) and using ICP-AES to determine the polymeric Al, the total monomeric Al, and the total Al in soil extracts, respectively. A modified resin was prepared with impregnated 8-hydroxyquinoline-5-sulfoxinate (HQS) on the anion-exchange resin. It has good recognition ability for Al fractions, compared to the commonly used cation ion-exchange resin, which has a better ability to adsorb cations and a weak ability to recognize detailed Al species. The optimum conditions for Al fractionation sorption, elution and separation and the interference of foreign ions were studied with the prepared resin by continuous column and batch procedures. Monomeric Al was bound to Pyrocathecol Violet (PCV) at pH 6.2, whereas the polymeric Al species did not react with PCV for at least 15 min. Because a stable complex of Al-PCV was not absorbed on the HQS modified resin, the polymeric Al could be preconcentrated on-line by the HQS-modified resin. The adsorbed polymeric Al was eluted with 3 mL of 3 mol L -1 of HCl, and then detected by ICP-AES. The method has been applied to directly determine polymeric Al in soil extracts with high selectivity as well as a high preconcentration factor. It gives a limit of detection of 0.6 ng mL -1 with a relative standard deviation of less than 5.7% (n = 5, 0.24 µg mL -1 Al). defined fraction, and is only suitable for rather pure samples because of the serious interference of Fe III and organisms. The later ( 27 Al-NMR) is a kind of method to directly determine polymeric Al species. For example, the peak with a chemical shift at about 0 ppm is assigned to the free Al(H2O)6 3+ , that at about 3 ppm to the dimer Al2(OH)2
4+
, that at about 62.5 ppm to the polymeric cation [AlO4Al12(OH)24(H2O)12] 7+ (Al13), and that at about 80 ppm to the Al(OH)4 -anion. 22 The sensitivity of 27 Al-NMR, however, is rather lower. It cannot be used to determine the polymeric Al species in general soil extracts and real natural water samples.
ICP-AES provides such advantages as lower inference, a wider linear dynamic range and higher precision. 23 However, it can only determine the total Al concentration, rather than the speciation. Recently, hyphenated techniques, 24 such as HPLC coupled with other detection techniques, are being applied to the determination of trace-metal speciation, [25] [26] [27] but a method for the direct determination of polymeric Al has been scarce. The reasons that the direct determination of polymeric Al species is quite difficult are mainly: (i) There is no pure and stable polymeric Al standard material on the market at present. The polymeric Al species is usually obtained only by difference, or calculated by subtraction or operational definition. 16, 28 (ii) Few methods can be employed for separating polymeric Al species. The content of polymeric Al species is relatively lower, which results in a lower sensitivity. 29 Thus, it is of necessity to develop efficient separation methods for the direct determination of polymeric Al.
Recently, solid-phase extraction (SPE) technique has become increasingly popular compared with the more traditional liquidliquid extraction methods. [30] [31] [32] [33] The SPE possesses several advantages over traditional liquid-liquid extraction, such as the following: (i) greater simplicity in handling and transfer; (ii) a higher preconcentration factor, and easy to enrich ppb level metallic ions; (iii) rapid phase separation; (iv) the ability to combine with different detection techniques in the form of online or off-line modes; (v) avoiding the use of a carcinogenic organic solvent and a friendly environmental technique. Afterwards, 8-hydroxyquinoline, 34 Chromazurol S, 35 Chromotrope 2B 36 and Tiron modified solid-phase extractants 37 were studied for determination of total Al. At present, however, there have been few studies focusing on the separation/ preconcentration of polymeric Al with the SPE technique. 25 The aim of the present study was to develop a simple and effective procedure for determination of polymeric Al fractionation and total monomeric Al in soil extracts and nature water samples by applying the SPE technique to flow-injection on-line preconcentration and separation coupled with ICP-AES detection. It was based on: (i) the Al13 sulfate crystal was prepared and used to prepare the standard solution of polymeric Al fractionation. (ii) A new modified anion-exchange resin by loading HQS was prepared. Its selectivity was higher than that of cation-exchange resin because it had special function groups which could recognize Al fractionations. (iii) Both monomeric Al and polymeric Al fractionation have different reaction speed with PCV as well as HQS, which could be used for the speciation of polymeric Al fractionation combined with a SPE technique.
Experimental

Apparatus and operating conditions
An ICP-emission spectroscopy system (Atomscan16, TJA, USA) was used for all experiments. The instrumental operating conditions are given in Table 1 . A HL-1 peristaltic pump (Shanghai Huxi Instrument Factory, Shanghai, China) was used for on-line separation/preconcentration. Homemade microcolumns (70 mm × 2.5 mm i.d.) made from polypropylene were utilized. A schematic diagram of the micro-column combined with a peristaltic pump is shown in Fig. 1 . A spectrophotometer (UV-260, Japan) was used in Ferron and PCV photometry. An atomic absorption spectrophotometer (Solaar 929, Unicam, UK) was employed to monitor metal ions (K, Na, Ca, Mg, Fe, Cu, Mn). A turbidity method was used to determine sulfate ion.
Reagents and chemicals
All reagents were of analytical grade or higher purity. All laboratory glassware and other containers were cleaned with 10% nitric acid and repeatedly rinsed with doubly distilled water.
A Pyrocathecol Violet solution (0.038%, w/v) was prepared by dissolving 76 mg of Pyrocathecol Violet in about 50 mL of doubly distilled water, transferred to a 200 mL brown flask and diluted to the mark with doubly distilled water. Buffer solutions of pH 4.5 -6.2 were prepared by dissolving 150 g of hexamethylenetetramine in 500 mL of doubly distilled water, adjusted to the desired pH (from 4.5 to 6.2) with 1+1 HCl and 1+1 NH3 aqueous solution, and checked with a glass electrode. The standard Al stock solution (0.02 mol L -1 ) was prepared by dissolving 0.2698 g of pure Al foil in a 50 mL quartz beaker, dropping 5 mL of HCl slowly to dissolve Al while being heated, then transferred to a 500 mL of graduated flask and diluted to the mark. Standard solutions of the desired concentration were prepared by appropriate dilution. A second Al stock solution (1000 µg mL -1 ) was prepared by dissolving Al(NO3)3·9H2O in 0.5 mol L -1 HNO3 . Fresh working standards were prepared by diluting the stock solution with doubly distilled water. Organic Al was obtained by mixing 50 mL of the standard Al solution (0.8 mmol L -1 ) with 10 mL of an organic salt solution (40 mmol L -1 ), and adjusting to pH 6. The final volume was 100 mL and the total concentration of Al was 0.4 mmol L -1 . A 201 × 8 strong base anion-exchange resin (100 -120 mesh, styrenedivinylbenzene copolymers containing quaternary ammonium) was purchased from Shanghai Yaolong Chemical Factory (Shanghai, China). According to the procedure, the capacity of the resin was found to be constant after its repeated use for at least 20 times for the HQS-modified resin. This was usually repeated 20 times before changing to a new resin.
The polymetric Al (Al13 sulfate crystals, NaAlO4Al12(OH)24(H2O)12(SO4)4) 38, 39 was synthesized by the following procedure: 25 mL of 0.25 mol L -1 of AlCl3 was transferred to a 250 mL of double-layer beaker, heated to 80˚C in a water bath, and 60 mL of 0.25 mol L -1 of NaOH was dropped slowly into the beaker with magnetically stirring (the rate of addition was adjusted to be less than 4 mL min -1 ). After the solution was transferred to a plastic beaker, and allowed to stand for 40 h at room temperature, 62.5 mL of 0.1 mol L -1 Na2SO4 was added. A crystal was formed after about 48 h, which was washed with doubly distilled water twice and filtered. Once again it was washed 3 times by water followed by ethanol; the polymetric Al standard substance (Al13 sulfate crystals) was obtained and then stored in a desiccator. The Al13 standard solution was prepared by adding 1.4460 g of Al13 sulfate crystals and 1.0440 g of Ba(NO3)2 to 400 mL of water, which was dissolved for 4 h with ultrasonic water bath, then filtered through a 0.45 µm membrane filter, and diluted to 1000 mL.
The final solution was stored in a high-density polyethylene bottle. The total Al should be 350 µg mL Ferron timed-photometry. 12, 13 The solution was stable for 7 days, and no precipitate was formed in one month. A modified resin was prepared by immersing an appropriate amount of 201 × 8 strong base anionic-exchange resin in 0.1 mol L -1 NaOH for 10 h, followed by 1 mol L -1 HCl for another 10 h, washed to neutral with water, dried at 60˚C, and then stored in a desiccator. Next, 3 g of treated 201 × 8 resin was put into a solution containing 100 mL of 1% HQS, settled for 12 h, filtered, washed with 3 mol L -1 HCl and 1 mol L -1 NaOH, respectively, conditioned to neutrality with doubly distilled water, dried at 60˚C, and then stored in a desiccator before use. A micro-columns were prepared by packing 0.20 g HQSmodified resins into a homemade micro-column with 6 -7 cm high by a slurry technique.
Procedure for the determination of polymeric Al
The HQS-modified resin was slurred with water and transferred to a micro-column, which was connected to a peristaltic pump. Before analysis, the resin column was equilibrated with the buffer solution at the pH of the particular sample analyzed. The soil extract was filtered through a 0.45 µm membrane filter. According to Fig. 1-a , the filtered sample, buffer solution (pH 6.2) and PCV were passed through the column at flow rates of 0.5, 1 and 2.3 mL min -1 , respectively, valve V1 was closed, 3 mL doubly distilled water was injected from C, and eluted with 3 mL 3 mol L -1 of HCl by D at a flow rate of 1.0 mL min -1 . The polymeric Al in the eluate was detected by ICP-AES. A blank solution was treated according to the sample-preparation procedure.
PCV spectrophotometry
To a 3.5 ml volume of sample, whether a standard or blank solution [acidified to pH 1.0 for 1 h (for reactive Al only)], 0.1 ml of the iron-masking reagent (0.1% 1,10-phnanthroline and 10% hydroxylamine hydrochloride) and 0.2 mL of a 0.038% m/v PCV solution were added and mixed, and then 1.0 mL of a buffer solution (30% hexamethylenetetramine and 1.65% ammonia solution) and 50 µL of concentrated HCl were added (for the monomeric Al and non-labile monomeric Al fractions). After 10 min, the absorbance was measured at 580 nm. The linear determination range of the method for Al was found to be between 5 and 400 µg L -1 .
Preparation of synthetic sample solutions
Five synthetic sample solutions were prepared by pipetting 5 aliquots of 5 mL 343 µg of the Al13 stock solution to five 200 mL volumetric flasks, adding 0.5, 1.0, 1.5, 2.0 and 2.5 mL of 40 mmol L -1 sodium citrate, respectively, and diluting to mark. These solutions contained 8.575 µg mL -1 of Al and 0.1, 0.2, 0.3, 0.4, 0.5 mmol L -1 of citrate, respectively.
Analysis of polymeric Al species in soil extract
A 2.00 g of soil sample (air dried, 100 mesh, collected from 60 -80 cm in depth) was shaken for 16 h with 20 mL of water in a plastic bottle, allowed to stand for 4 h, centrifuged at 7000 r min -1 for 20 min and decanted. 40 The soil extract was then filtered through a 0.45 µm membrane filter and divided into two portions. One was detected by ICP-AES for total Al, and the other was used to determine the content of polymeric Al according to the above procedure. PCV 41 and Ferron 12,42 spectrophotometry were carried out, respectively, as described in the recommended procedure.
Results and Discussion
Effects of the sorption acidity on the recoveries of Al species
Without the precolumn reaction with PCV, Al13 and Al 3+ were directly pumped through the column (conditioned at desired pH) at different pH values, respectively, eluted with 2.5 mL of 3 mol L -1 of HCl and then detected by ICP-AES. The recovery was larger than 95% for Al13 at pH 4 -6.5 and 96% for Al 3+ at pH 3 -7, as shown in Fig. 2 .
Reaction rates of PCV with monomeric and polymeric Al
According to the literature, 41 the recoveries in PCV spectrophotometry reacting with monomeric and polymeric Al at different color-developed times were studied. Monomeric Al reacted completely with PCV in 4 min, while polymeric Al did not react with PCV for at least 15 min. Based on this result, monomeric Al could be separated from polymeric Al by controlling the contact time (see Fig. 3 ).
Effect of the eluent concentration and volume on the desorption of polymeric Al
The desorption of the retained polymeric Al from a column filled with HQS-modified resin was tested by NaOH and HCl solutions of different concentrations. Quantitative recoveries were obtained with 0. Fig. 4 ).
Sorption behaviors of Al species into HQS-modified resin
According to the procedure, monomeric, polymeric and organic Al in the standard solution mixed with PCV was passed on line through a column at pH 6.2. Aluminum species in the eluent were determined by ICP-AES off-line. The results summarized in Table 2 . It is obvious that the polymeric Al was retained on the column, while monomeric and organic Al were passed through it. Since the log K1 values are 19.1, 43 9 .67, 44 9.61 43, 45 and 7.01 for the complex Al-PCV, Al-HQS, Al-citrate and Al-F, respectively, PCV could form a very stable complex with Al prior to pumping through the micro-column and with monomeric Al from Al-citrate and Al-F as well. This means that the stablity constant of Al-PCV was larger than that of Al-HQS. The Al-PCV complex could not be retained on the column. However, since polymeric Al, such as Al13 7+ , did not form a complex with PCV for at least 15 min, it was adsorbed on the column and separated from other species of Al.
Effect of the flow rate on the adsorbtivity of polymeric Al
The retention of polymeric Al on the HQS modified resin was studied at different flow rates. The adsorbtivity was larger than 98% at flow rates in the range from 1 to 4 mL min -1 . However, the recovery of the polymeric Al decreased at flow rates less than 1 mL min -1 , because PCV would react with polymeric Al for a longer contact time. In this work, 2.5 mL min -1 was selected for further study.
Sorption capacity of the resin
The breakthrough volume and the sorption capacity in the column method are two important parameters in the analysis. The standard Al13 solution of 6.86 µg mL -1 was passed directly through the column successively without PCV precolumn derivatization, and 10 mL of the effluent was collected each time. Then, the Al in the effluent was determined by ICP-AES. The results shown in Fig. 5 indicate that the signal of Al in the effluent could not be obtained until the volume of the standard Al was up to 60 mL. The maximum sorption capacity (C/Co = 0.5) by the column method was found to be 3.2 mg g -1 resin, which was suitable for the preconcentration of polymeric Al, although the maximum sorption capacity was not very large.
Interferences of foreign ions on the determination of Al
Some metallic ions and F -cooperate strongly with Al, which affect the determination of Al. Thus, the interferences of foreign ions in soil and natural waters were investigated. The experimental results indicated that 1200 µg of K ; monomeric Al, 10 µg mL -1 ; resin, 0.20 g; flow rate, 2.3 mL min -1 . , Monomeric Al; , polymeric Al. 
Limits of preconcentration and preconcentration factors
The limits of the preconcentration and preconcentration factors were investigated by the column procedure. Solutions of 100 mL, 200 mL, 300 mL, 500 mL and 800 mL containing 2 µg of standard Al were passed through the micro-column by the continuous column procedure, and the concentrations of Al in these solutions were determined by the proposed method. The results showed that the limit of preconcentration was 4 µg L -1 , when the quantitative recovery was considered up to 97%. The preconcentration factor was up to 200 times when the Al in the 500 ml solution enriched on the micro-column could be eluted by 2.5 mL of 3 mol L -1 of HCl. In fact, when 25 -50 mL of the sample was studied in an analysis, the preconcentration factor was 10 -20 times.
Analytical figures of merit
We only discuss the column method using the HQS-modified resin coupled with ICP-AES. The detection limit was estimated to be three-times the standard deviation of the bank signals (30 mL of doubly distilled water was measured 12 times; n = 12). According to the concentration factor, the detection limit of the present method for Al was 0.6 ng mL -1 . When 25 mL of an Al standard solution containing 6 µg Al was passed through the column, eluted and determined, repeating the above operations five times, the standard deviation was 5.7% (the concentrations of Al were 0.24 and 2.4 µg mL -1 in the original solution and eluate, respectively).
Applications to speciation of polymeric Al in synthetic waters and soil extracts
In order to establish the validity of the proposed procedure, the method was applied to the determination of polymeric Al (Alpoly), total Al (AlT), and total monomeric Al (Ala) in synthetic water samples, nature water samples, and soil extracts.
Synthetic water samples were detected by PCV spectrophotometric, 25 and Ferron timed-spectrophotometric methods 12 and the proposed method, respectively. The results are listed in Table 3 , which show that the concentrations of Alpoly were good agreement with those of Alb and AlT-AlPCV. The results obtained by PCV spectrophotometry indicate the concentration of monomeric Al derived mainly from the dissociation of polymeric Al. The distribution of monomeric Al accounted for only 1.2 -5.8% of the total Al.
In order to evaluate the applicability of the present method, we analyzed three kinds of Al species in soil extracts (obtained from Hubei, Jiangxi, Shandong, Heilongjiang and Jiangsu Provinces in China). The results are given in Table 4 . As can be seen in Table 4 , the organic materials could be ignored because the employed soil sample was obtained from deeper soil, and polymeric Al had a higher content in the extracts, which accounted for 1% to 16%. However, the content of polymeric Al in the upper soil was very low, and was less than 1% of the total Al. Although the results for AlT-AlPCV were in good agreement with Alpoly, because the blank was quite high, the sensitivity was low when the determination of AlPCV was made using ICP-AES in the effluents.
Conclusions
A novel solid-phase extraction technique was developed and used for the separation of polymeric and monomeric Al based on flow-injection on-line preconcentration and separation coupled with ICP-AES detection. The new method given in this paper provided several advantages: (i) The proposed modified resin for the SPE technique had the property of a chelating resin, binding with Al by coordinate and ionic bonds, so that it had a better selectivity than the cation-exchange resin. Because the acidity of the average acidic soil solution was in the range of the optimum sorption pH, the sample solution could be passed through the column directly without adjusting the pH, which avoided a change of Al species. (ii) The proposed method could be used to determine polymeric Al directly in real samples, using Al13 sulfate crystals as the standard of polymeric, which could overcome the problem in determining polymeric Al indirectly by a calculation. (iii) The preparation of the microcolumn was simple and easy, and resin consumption was less. Therefore, the installation was suitable for the field preconcentration of polymeric Al. The column loading Al could be easily taken back to the laboratory to a determination by ICP-AES , without any speciation change during the storage and transportation. (iv) The enrichment factor is in the range from 10 to 200, and gives a low limit of detection (LOD) for ICP-AES of at least 0.6 µg mL -1 . Therefore, the sensitivity of the proposed method was satisfactory for the determination of polymeric Al in soil solutions and natural water samples. In summary, the established method for the determination of polymeric, monomeric and total Al may offer useful 99 ANALYTICAL SCIENCES JANUARY 2004, VOL. 20 Table 4 Results for polymeric Al species in soil solutions
The depth sampling is 60 -80 cm but sample (7, 8) collected from 2 cm below ground; LOD, limit of determination.
Alpoly/µg mL -1
AlT-AlPCV/µg mL 
